Arber2 has shown that bacteriophage fd, which contains single-stranded circular DNA (Marvin and Schaller12) is restricted by E. coli B and E. coli (P1) +. This report presents detailed data on the restriction of both the infectious, singlestranded fd-phage DNA and the infectious, double-stranded fd-replicative form (RF)18 DNA. It also describes an infectivity assay for in vitro host-controlled restriction and modification. This assay has been used to find restriction enzymes in fractionated extracts of E. coli (Linn and Arber11).
Phage DNA was extracted as described by Benzinger, Delius, Jaenisch, and Hofschneider. 3 Following exhaustive dialysis against 0.01 M Tris buffer, pH 8, containing 1 mM EDTA, the DNA was further purified by CsCl density gradient centrifugation.
The fd RF was isolated according to slight modifications of the procedure of Jansz, Pouwels, and Schiphorst.'0 The filtered RF was sedimented on linear 5-20% sucrose gradients and fractions were collected. Electron micrographs of these fractions (kindly prepared by Dr. H. Delius) showed that more than 80% of the DNA was circular. The fast-sedimenting RF fractions were mostly twisted circles; the slower-sedimenting fractions were mostly open circles.'4 Contamination by single-stranded phage DNA was ruled out as described below. Infectious DNA assays: Lysozyme-EDTA spheroplasts were prepared according to the following modifications of the procedure of Ray, Bscheider, and Hofschneider:13 the harvested cells were resuspended in storage medium (plus 10 ,g/ml of required amino acids) at a titer of 1 X 1010 to 2 X 1010 cells/ml. They were then aerated vigorously for 30 min at 370 (Bscheider, personal communication). The bacteria were treated with lysozyme-EDTA in the presence of Povite albumin for 1 min as described by Ray et 
Following addition of MgSO4, the spheroplasts were incubated without aeration for another 30 min at 370 (Bscheider, personal communication). After the spheroplasts had been chilled in an ice bath, they were ready for testing with infectious fd DNA's. The titer of infectious DNA with these preparations remained constant for at least 5 days and did not vary more than threefold for 30 consecutive different preparations. Infectivity assays were performed according to the method of Benzinger et al.3 with the following modifications: DNA was adsorbed to spheroplasts in 15-mm tubes for only 8 min without agitation and 0.5% Povite albumin was added to the sucrose soft agar. To obtain large distinct plaques, all assays were plated onto EMB bottom agar' containing 1% (v/v) glycerol. Control experiments ensured that (1) all components of the assay system were free of infectious phage, (2) all infectious nucleic acids were sensitive to pancreatic DNase, (3) all plaques were due to infected cells, not to progeny phage released from infected cells, and (4) the restriction observed with lysozyme-EDTA spheroplasts was due to DNA-infected spheroplasts, not to the added indicator bacteria (except for tests with (P1) + spheroplasts, all assays were plated with the same r-m-indicator bacteria).
To distinguish infectious fd RF from single-stranded phage DNA, infectivity assays were also performed in the presence of 100 ug/ml of sterile calf-thymus DNA. The infectivity of the RF's is inhibited at least 80-fold by this concentration of double-stranded DNA (see Sinsheimer, 16 and Jaenisch, Hofschneider, and Preuss9), while the infectivity of single-stranded phage DNA is never reduced more than twofold. Similarly, the infectivity of single-stranded fd-phage DNA could be specifically inhibited by heat-denatured calf-thymus DNA. DNA was denatured by boiling for 10 min followed by chilling in an ice bath.
Per ODm0 of infectious single-stranded phage DNA, 7 X 106 to 2 X 107 PFU were found: for different fractions of replicative form DNA 2.2 X 104 to 8.2 X 104 PFU were found per OD20 (see ref. Results.-Restriction of infectious fd-phage DNA's by rB+ spheroplasts: Modified fdB phage DNA plates with nearly equal efficiency on parallel preparations of rB+ and r-spheroplasts (Table 1) . Unmodified fdo phage DNA is restricted by rB+ spheroplasts at levels ranging from 2 X 10-i to 2 X 10-2, depending on the spheroplast preparations (Table 1) .
While wild-type fd phage are restricted by rBs cells at a level of 7 X 10-4, mutant phage have been isolated"7 which are restricted at an intermediate level of 2 X 10-2. Infectious DNA isolated from such a phage mutant is also restricted at intermediate levels ranging from 8 X 10-2 to 2 X 10-1 by rB+ spheroplasts (Table 1) .
Restriction of infectious fd RF DNA's by rB + spheroplasts: Table 2 shows that rB+ spheroplasts restrict unmodified double-stranded RF's and infectious, singlestranded phage DNA at the same level. This result was independent of the secondary structure of the replicative forms, as indicated by infectivity tests with twisted, open, and denatured RF DNA. The fdo and fds plhage were restricted by (Pl) + bacteria at a level of 0.3. Spheroplasts of E. coli rK mK -and E. coli rK-mK -(P1) + were infected with various phage DNA's at a multiplicity of 0.1 molecule/spheroplast and with RF DNA's at a multiplicity of 10 molecules/spheroplast. All assays were plated with E. coli (P1) +-indicator to prevent lysis of P1-sensitive bacteria. Restriction was calculated from the quotient described in the legend to Table 1. Weak restriction of infectious fd DNA's by E. coli (P1) + spheroplasts: Arber2 has shown that Pi-lysogenic bacteria restrict fd phage weakly at a level of 0.3. Table 3 shows that Pi-lysogenic spheroplasts restrict both single-and doublestranded fd DNA's at similar levels (ranging from 0.1 to no restriction).
Restriction of 4X174 DNA: It was of interest to look for restriction of q5X174 DNA, because it is highly infectious and because its replicative form can easily be isolated in large quantities. The plating efficiency of cX174 DNA on rB+ spheroplasts relative to r-spheroplasts was 1.3, 0.9, and 2.9 in three experiments;
for Pl-lysogenic spheroplasts, values of 2.5, 2, and 2 were obtained, confirming the results of Eskridge, Weinfeld, and Paigen.6 Thus, within the limits of the accuracy of the assay, infectious cX174 DNA is not restricted by either of these strains.
Test for in vitro host-controlled modification: When fdo phage DNA was incubated with crude extracts of E. coli mB+ in the presence of EDTA, Ca++, or Phage DNA plus extract, Ca++ contained: 0.45 ml of bacterial extract at 4 mg of protein/ml brought to 5 mM EDTA; 0.5 ml fdo DNA (1 ;&g) in 0. 1 M Tris buffer, 5 mM EDTA, and 35 mumoles of S-adenosyl-methionine acetate; 0.05 ml of 0.2 M CaCh2. Phage DNA plus extract, Zn++ contained: Same mixture, except that 0.05 ml of 0.2 M ZnCl2 was substituted for CaC12. Phage DNA plus extract, Mg++, no EDTA, contained: Same mixture, except that 0.05 ml of 0.2 M MgC12 replaced ZnCl2; no EDTA was added.
The mixtures were incubated for 30 min at 370. Then 0.05 ml of 20% sodium dodecyl sulfate was added, the tubes were shaken vigorously, and 1 ml water-saturated phenol was added. After thorough mixing followed by centrifugation, the aqueous phase was diluted 100-fold in 0.1 M Tris buffer, pH 8, containing 1 mM EDTA. Infectious DNA assays on rK -mK -and rB + mB + spheroplasts were then performed. Plaque numbers divided by 5 indicate that 15 plates were counted.
Zn++ ions and S-adenosyl methionine acetate, and then diluted and assayed for infectivity, no increase in titer (relative to the control) on rB+ spheroplasts was observed ( Table 4 ). The same results were obtained when M\g++ and soluble RNA (to inhibit endonuclease I) were used; furthermore, no methylation of phage or RF DNA was detected with mB+ extracts under these conditions (unpublished results).
Test for in vitro host-controlled restriction: After fdo and fdB phage DNA's were incubated with crude extracts of E. coli rB + mB+ under the various conditions described in the preceding paragraph, both DNA's remained equally infectious. However, Linn aid Arber1l have found restriction enzymes in partially purified E. coli rnB+ and E. coli (P1) + extracts which specifically inactivate fdo RF infectivity while modified fd RF's are not inactivated.
Discussion.-Infectious fdo-phage DNA is restricted by rB + spheroplasts at levels ranging from 2 X 10-3 to 2 X 10-2, depending on the particular pair of r+ and r-spheroplast preparations (Table 1 ). This restriction is weaker than the restriction of 7 X 10-4 observed with whole fd phage.'9 Weaker restriction of infectious lambda DNA has also been observed by Dussoix and Arber.5 In vivo, fd-phage DNA enters the cell in a single-stranded form and is converted to a double-stranded replicative form. Single-and double-stranded fd DNA's are equally restricted by rB+ and Pi-lysogenic spheroplasts. This result does not help decide whether the restriction enzyme acts in vivo on doublestranded fd DNA alone or on both double-stranded and single-stranded fd DNA.
Xiiost important, the results presented here provide the best assay to date for detecting in vitro host-controlled restriction and modification because: (1) infectivity assays with circular infectious DNA are insensitive to exonucleases in protein extracts of E. coli; (2) as much as 90 per cent of the fd DNA preparations may consist of linear contaminating fragments without affecting the assay; (3) these infectivity assays are insensitive to the presence of inhibitors in E. coli extracts (since a mixture of infectious fd DNA and E. coli extracts gives the same infectious titer after dilution as fd DNA alone- Table 4 ); (4) the assays do not require high concentrations of DNA (as little as 1 jig/ml of phage DNA or 40 pg/ml of RF DNA mixed with crude extracts of E. coli will give 1000 plaques per plate after dilution); and (5) a large number of parallel samples can be assayed quickly and reproducibly. Indeed, Linn and Arber" have recently found in vitro host-controlled restriction activities with this assay.
Summary.-Infectious single-and double-stranded fd DNA's are equally restricted by E. coli rB+ spheroplasts at levels from 2 X 10-3 to 2 X 10-2 and by E. coli (P1)+ spheroplasts at levels from 0.1 to no restriction. An excellent assay for in vitro host-controlled restriction and modification is presented. (1966) .
